Development of near-infrared (NIR) and shortwave infrared (SWIR) emitting fluorophores is central to the fluorescence-based bioimaging. While conjugated polymer nanoparticles (polymer dots) are one of the promising fluorophores for this application, obtaining polymer dots that show bright fluorescence, especially in the SWIR wavelength region, has been challenging.
Introduction
Recent development in advanced fluorescence microscopy techniques has been enabling capture and quantification of biological processes at cellular to tissue, organ and whole organism level. A high optical transparency of biological specimens in near-infrared (NIR, 650-950 nm) and shortwave infrared (SWIR, 1,000-1,700 nm) due to their smaller absorption and scattering of light makes these wavelength regions particularly suitable for bioimaging. [1] [2] [3] [4] Development of new fluorophores that emit NIR and SWIR fluorescence is currently one of the main focuses for successful fluorescence-based bioimaging applications since a limited choice of fluorophores, in particular in the SWIR wavelength region, [5] [6] [7] has been a major obstacle to applying fluorescence imaging to a wide range of biological specimens. In association with this, new SWIR fluorescent probes for multimodal imaging and therapy has also been developed in recent years. [8] [9] Bright fluorescence, small size, and low cytotoxicity are some of the most important requirements for the fluorophores. Different types of fluorophores have been developed toward this goal, including small molecule-based fluorophores, [10] [11] [12] [13] [14] single-walled carbon nanotubes, [15] [16] [17] [18] semiconductor quantum dots, [19] [20] [21] and rare earth-doped nanoparticles. [22] [23] [24] [25] Among them, conjugated polymer nanoparticles (polymer dots) are promising fluorophores because fluorescence properties and size of polymer dots can be controlled by a proper molecular design and an optimization of fabrication procedure. [26] [27] [28] Further, polymer dots in general have a low cytotoxicity. Due to these features, polymer dots are becoming increasingly common in recent years. [29] [30] [31] [32] [33] [34] [35] [36] A general issue in the development of polymer dots is that fluorescence quenching sites (i.e., energy trap sites) are generated through either interchain or intrachain interactions (e.g., π-π stacking) inside polymer dot particles, which results in a drop of fluorescence quantum yields (i.e., fluorescence brightness). [37] [38] [39] [40] [41] This issue becomes more problematic in NIR and SWIR emitting conjugated polymers since their extended π-conjugation system often needs large and flat-shaped molecules, leading to increased inter-and intra-chain interactions. To prevent the generation of fluorescence quenching sites, polymer dots have often been fabricated by mixing conjugated and non-conjugated polymers that enables the physical separation of conjugated polymer chains inside the particles. 42 This approach effectively maintains the high fluorescence quantum yields inside the particles although fluorescence brightness of the particles significantly drops because of the small fraction of the light-emitting molecules inside the particles. Polymer dots using aggregate-induced emission (AIE) have also been reported to obtain particles with high fluorescence quantum yields. 43 While relatively large fluorescence quantum yields have been reported using this approach, incorporating AIE moieties in conjugated polymers is essential that restricts flexibility of the molecular design.
Recently, we reported a new strategy to obtain brighter polymer dots using NIR emitting polycarbazole (PCz)-based donor-acceptor (DA)-type conjugated polymers. 44 Our previous study suggested that the generation of fluorescence quenching sites inside the particles can be suppressed by using conjugated polymers that have bent and twisted conformation. 44 Based on this finding, here we report systematic photophysical characterization of NIR and SWIR emitting polymer dots by synthesizing a series of PCz-based DA-type conjugated polymers that adopt bent and twisted conformation. By comparing photophysical properties of polymer dots obtained using polyfluorene (PF)-based planar conjugated polymers, we demonstrated that the fluorescence brightness of these polymer dots are controlled by subtle balance between the 5 fluorescence quenching due to polymer chain interactions inside the particles and the twisting between the donor and acceptor moieties of the conjugated polymers inside the particles.
Experimental Section

Synthesis of the conjugated polymers:
The synthesis of BT, BT2, DTBT, DTBT2, PSN, and PSeN are reported elsewhere. [45] [46] [47] DPP, isoindigo, NDI, and BBT were newly synthesized by the following general procedure (Scheme 1): A solution of 3,6-di-tert-butyl-1,8-diethynyl-9-hexadecyl-9H-carbazole 48 (0.1134 g 0.2000 mmol) and dibromo-comonomer (0.2000 mmol), namely, 3,6-bis(5-bromothiophen-2-yl)-2,5- [3, 8] c']bis [1, 2, 5] thiadiazole 52 , respectively, in 3 ml toluene and 1 ml iPr2NH was degassed with nitrogen for 15 min. PdCl2(PPh3)2 (5.7 mg, 0.008 mmol) and CuI (1.5 mg, 0.008 mmol) were added. The reaction mixture was further degassed and then heated to 80 °C for 24 h. After cooling to room temperature, the mixture was poured into methanol. The precipitate was collected and washed with methanol and hexane. The precipitate was further subjected to Soxhlet washing with methanol to remove the low molecular fractions. 
DPP: Yield
Fabrication method of the polymer dots:
Conjugated polymer nanoparticles of BT, BT2, DTBT, and DTBT2 were fabricated by a reprecipitation method described elsewhere. 44 
Dynamic light scattering experiment:
DLS measurements were conducted with dynamic light scattering Malvern Zetasizer NanoZS.
The zeta-potential measurements were carried out in a polycarbonate folded capillary cell with gold-plated electrodes (DTS1070, Malvern Instruments). The Zetasizer NanoZS software used in this study calculated the zeta potentials by determining the electrophoretic mobility of the polymer dots.
Transmission electron microscopy experiment:
Transmission electron microscopy (TEM) images of the polymer dots were recorded using either 
Results and Discussion
For a systematic investigation, we designed and synthesized a series of PCz-based DA-type conjugated polymers with different acceptor moieties (BT, DTBT, DPP, isoindigo, NDI, and 11 BBT, Figure 1 ). 46 To investigate the effect of side chains, we also designed and synthesized PCzbased polymers with different alkyl side chains on the Cz moiety (tertiary butyl for BT and DTBT and octyl for BT2 and DTBT2, Figure 1 ). These polymers adopt twisted conformation due to the steric hindrance between the donor and acceptor moieties caused by their bent shape. 53 As reference compounds, we used PF-based DA-type conjugated polymers that have linear and planar shape (PSN and PSeN, Figure 1 ). 47 These conjugated polymer molecules dissolved in tetrahydrofuran (THF) showed broad and featureless steady-state absorption spectra that are typical for intramolecular charge-transfer (CT) absorption (Figure 2a , Table S1 ). Peak absorption wavelength of the PCz-based polymers ranges between 482 -835 nm, depending on the energy gap between the ground and lowest excited states of the CT states. These conjugated polymer molecules showed fluorescence from the CT 12 states in either NIR (BT, BT2, DTBT, DTBT2, DPP, isoindigo, and NDI) or SWIR (BBT, PSN, and PSeN) wavelength regions (Figure 2b , Table S1 ). Polymer dots of these conjugated polymers were fabricated using a reprecipitation protocol that we reported previously. 44 This protocol enabled us to fabricate polymer dots with a diameter of a few nanometers. Transmission electron microscopy (TEM) as well as dynamic light scattering 13 (DLS) experiments on the obtained polymer dots showed that the polymer dots fabricated using the series of conjugated polymers have similar sizes except DPP ( Figure S1 and S2, Table 1 ).
Differences in the particle sizes observed in the TEM and DLS experiments are attributed to
hydration of the particles as well as size distribution of the particles (see Supporting Note). The fabricated polymer dots dispersed in water displayed relatively large negative zeta potentials, demonstrating a high colloidal stability of these polymer dots ( Table 1) Table 1 ). The absence of large bathochromic shifts upon the particle formation observed in most of the PCz-based polymer dots indicates effective suppression of the intra-and inter-chain interactions. On the other hand, the fluorescence spectrum of the PF-based polymer dots (PSN) exhibited a large bathochromic shift (116 nm) upon the particle formation, indicating a strong interaction between the polymer chains inside the particles (Table 1) . The conjugated polymers in THF showed a general trend of decreased fluorescence quantum yield (QY) for the molecules that emit fluorescence at longer wavelengths (Figure 3 , Table S1 ).
Table 1. Spectroscopic and physical properties of the polymer dots in water
This trend is interpreted by an energy gap law that predicts a larger non-radiative rate constant of the excited state deactivation when energy gap between the ground and excited state becomes smaller (i.e., fluorescence at longer wavelength). 54 A drop in the QY upon the formation of the polymer dots was observed for most of the conjugated polymers (BT, BT2, DTBT, DTBT2,   DPP, BBT, PSN, and PSeN) except isoindigo and NDI that showed slight increase in the QY (Figure 3 , Table 1 ). The decrease in the QY upon the particle formation suggests the generation 15 of energy trap (i.e., fluorescence quenching) sites inside the particles due to the intra-and interchain interactions. [55] [56] This is consistent with the bathochromic shifts of the steady-state absorption and fluorescence spectra of the conjugated polymers upon the particle formation ( Figure 2) . Importantly, most of the PCz-based polymer dots (BT, BT2, DTBT, DTBT2 , and BBT) displayed relatively small reduction in the QY (up to six fold reduction) upon the particle formation. Much larger reduction in the QY is usually observed in many polymer dots. 57 Indeed, a large reduction in the QY (25-87 fold reduction) was observed in the PF-based polymer dots (PSN and PSeN). These results demonstrate that the reduction of the QY can be effectively suppressed by fabricating polymer dots using conjugated polymers that have bent and twisted conformation. While this was suggested in our previous study on BT and DTBT, the comparison between the PCz-based and PF-based polymer dots and the systematic characterization of the series of the PCz-based conjugated polymers provide strong evidences that this approach can be generalized to a wider range of conjugated polymer molecules that show fluorescence in NIR to SWIR wavelength regions. It should also be mentioned that molar extinction coefficients (ε) of the Cz-based conjugated polymers are higher than those previously reported for donor-acceptordonor-type molecules. 10, 44, [58] [59] Since the fluorescence brightness of fluorescent probes is determined by both ε and QY, the large ε of the Cz-based conjugated polymers and therefore the large ε of the Cz-based polymer dots provides an additional advantage in fluorescence imaging experiments. We next investigated factors affecting the fluorescence brightness (i.e., QY) by conducting timeresolved fluorescence spectroscopy experiments. Fluorescence decay curves of the conjugated polymer molecules in THF and the polymer dots dispersed in water were measured using timecorrelated single-photon counting method ( Figure S3 and S4). We calculated radiative (kr) and non-radiative (knr) deactivation rate constants using the QY of the conjugated polymers and polymer dots and mean fluorescence lifetimes determined by the time-resolved fluorescence measurement ( Figure 4 ). We found that both kr and knr obtained from the PCz-based conjugated polymers change upon the particle formation (Figure 4) . A comparison between the data obtained from the PCz-based conjugated polymer molecules in THF and the polymer dots dispersed in water revealed that the changes in kr and the changes in QY upon the particle formation are positively correlated in most of the molecules (BT, BT2, DTBT, DTBT2 , DPP, NDI, and BBT, Figure 3 and Figure 4a ) whereas the changes in knr and the changes in QY are negatively correlated in all the molecules (BT, BT2, DTBT, DTBT2, DPP, isoindigo, NDI, and BBT, Figure 3 and Figure 4b ). In stark contrast to the PCz-based conjugated polymers, the PFbased conjugated polymers (PSN and PSeN) did not show significant change in knr upon the particle formation although we observed the large reduction of QY (Figure 3 and Figure 4b ).
Only kr showed large changes (i.e., reduction) when the PF-based conjugated polymers (PSN and PSeN) formed the polymer dots (Figure 4a ). These results indicate that photophysical mechanisms that regulate fluorescence brightness of the PCz-based and PF-based polymer dots are distinct.
A drop of QY, and therefore a drop of fluorescence brightness, has been commonly observed when polymer dots are fabricated from conjugated polymers. 57 In many cases, the generation of fluorescence quenching sites inside the particles due to polymer chain interactions, which accelerates non-radiative deactivation, [55] [56] has been considered as a primary origin of the reduction of QY. The negative correlation between knr and QY can, therefore, be interpreted by this mechanism. Importantly, the change in the knr upon the particle formation is relatively small (maximum 3 fold increase) in all the PCz-based polymer dots (BT, BT2, DTBT, DTBT2, DPP, isoindigo, NDI, and BBT, Table 1 ). This observation is consistent with the relatively small reduction in QY upon the formation of the particles and provides a firm evidence that the undesired fluorescence quenching is efficiently suppressed in the PCz-based polymer dots. In contrast to the well-studied effect of non-radiative deactivation pathways on the fluorescence brightness of polymer dots, the contribution of radiative process on their fluorescence brightness has received little attention. The time-resolved fluorescence measurements clearly revealed the positive correlation between the changes in kr and the changes in QY upon the particle formation in most of the PCz-based polymer dots (Figure 3 and Figure 4a ). We previously demonstrated using BT and DTBT that larger intramolecular twisting between the Cz and acceptor moieties causes smaller kr due to the reduced oscillator strength. 53 Given the structural similarity between the PCz-based conjugated polymers, our data strongly suggest that change in the twist angle between the Cz and acceptor moieties upon the particle formation is the primary reason for the observed change in kr, which is positively correlated with QY. Since kr is proportional to the oscillator strength that describes the probability of light absorption, 60 the intramolecular twist influences the fluorescence brightness of the polymer dots not only through QY but also through the probability of light absorption (i.e., absorption cross section) by the particles.
These findings provide important insight into the development of NIR and SWIR emitting polymer dots with bright fluorescence. Ratios of the QY obtained for the polymer dots dispersed in water and the conjugated polymer molecules dissolved in THF (QY Pdots /QY THF ) were plotted against the ratios of knr obtained for the polymer dots and the conjugated polymer molecules (knr Pdots /knr THF ) in Figure 5a . QY Pdots /QY THF were also plotted against the ratios of kr obtained for the polymer dots and the conjugated polymer molecules (kr Pdots /kr THF ) in Figure 5b . These plots clearly show general trends that can be applied to all the PCz-based polymer dots ( Figure 5 shaded region). First, the larger the reduction of knr (knr Pdots /knr THF < 1) is, the larger the fluorescence enhancement (QY Pdots /QY THF > 1) is, and the larger the enhancement of knr (knr Pdots /knr THF > 1) is, the larger the reduction of fluorescence intensity (QY Pdots /QY THF < 1) is.
Second, the larger the enhancement of kr (kr Pdots /kr THF > 1) is, the larger the fluorescence 20 enhancement (QY Pdots /QY THF > 1) is, and the larger the reduction of kr (kr Pdots /kr THF < 1) is, the larger the reduction of fluorescence intensity (QY Pdots /QY THF < 1) is. The data obtained for the PCz-and PF-based polymer dots are shown in blue and red, respectively.
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Important point is that these correlations are not dependent on the fluorescence wavelength of these PCz-based polymer dots. This means that the fluorescence brightness of the PCz-based polymer dots is governed by the two factors (i.e., fluorescence quenching inside the particles due to the chain-chain interactions and intramolecular twisting between the Cz and acceptor moieties) irrespective of the fluorescence wavelength. Therefore, polymer dots with bright fluorescence can be, in principle, obtained by controlling these two factors through proper molecular design and optimization of fabrication protocol. Indeed, the polymer dots fabricated using the conjugated polymers with the same acceptor moiety but different alkyl side chains (BT and BT2, and DTBT and DTBT2) showed distinct behavior ( Figure 5 ), which points to the possibility of controlling the two factors by proper molecular design. The fluorescence behavior of BT and DTBT polymer dots also depends on spatial packing of the polymer chains inside the particles, 44 which poses another possibility of controlling these factors by fabrication protocol of the polymer dots. The PF-based polymer dots that were fabricated using linear and planar-shaped PF-based conjugated polymer molecules did not follow the general trends that we observed for the PCz-based polymer dots ( Figure 5 ). This result implies that the bent and twisted shape of the PCz-based conjugated polymers is essential for the observed general trends. Unlike PCz-based polymer dots, fluorescence properties of the PF-based polymer dots do not depend on fabrication protocol of the particles ( Figure S5 ), providing another evidence that the bent and twisted shape of the PCz-based conjugated polymers creates a new possibility for engineering fluorescence properties of polymer dots including fluorescence brightness.
Conclusions
In conclusion, we showed in this study that polymer dots that exhibit bright fluorescence in the NIR to SWIR wavelength regions can be obtained by using PCz-based DA-type conjugated polymer molecules that adopt bent and twisted shape (Table S2) 
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